Abstract In this study, effect of electrolyte temperature on structural and morphological properties of Fe-Cu films electrodeposited on ITO coated glass substrates has been investigated. Structural analysis carried out by using X-ray diffraction indicated that the films consist of a mixture of face-centered cubic (FCC) Cu and body centered cubic (BCC) a-Fe phases. It was found that the crystalline size of both Fe and Cu increases with increasing electrolyte temperature. Compositional analysis performed using energy dispersive X-ray spectroscopy showed that the Cu content within the films enhances with increasing electrolyte temperature. The surface morphology of Fe-Cu films was studied using a scanning electron microscopy (SEM). SEM results indicated that the surface morphology of Fe-Cu films significantly depends on the electrolyte temperature. The investigation of the residual stress in the films indicated that the residual stress for the FCC Cu is tensile in all films regardless of electrolyte temperature, whereas, for the BCC Fe, it depends on the electrolyte temperature. Correlation between the surface morphology and the residual stress is discussed in terms of the obtained results.
Introduction
Fe-Cu alloys are used in industry as materials for electrical device components such as semiconductor lead frames, electrical connectors, and electrical fuses [1] . At the present time, there are many deposition techniques such as sputtering, molecular beam epitaxy (with vacuum), and electrodeposition (non-vacuum) in order to produce metallic films [2] . Among them, the electrodeposition is an excellent, simple, fast and inexpensive technique [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . It is well known that the properties of electrodeposited films are influenced by many factors such as bath type, electrolyte temperature, additives, electrolyte pH, and deposition potential or current density [5, [12] [13] [14] [15] [16] . According to our best knowledge, the influence of electrolyte temperature on the structural, compositional, and surface morphological properties of the Fe-Cu films electrodeposited onto indium tin oxide (ITO) coated glass substrates has not been the subject of investigation till now. Therefore, the effect of the electrolyte temperature on the properties of Fe-Cu films is of interest.
In this present study, the role of electrolyte temperature on grain size, composition, structure, and surface morphology of the Fe-Cu films, which were deposited onto ITO coated glass substrate at a constant current density of -50 mA/cm 2 , has been investigated. It was found that the properties of the Fe-Cu films are significantly affected by the electrolyte temperature. This study might be useful to understand better how electrolyte temperature influences the structural and morphological properties of electrodeposited Fe-Cu films.
Experimental
The preparation of the Fe-Cu films onto ITO coated glass substrate from a single electrolyte was carried out under galvanostatic conditions. Fe-Cu films were prepared from an electrolyte consisting of 0.1 M Fe sulfate, 0.02 M Cu sulfate, and 0.1 M boric acid. All chemicals were dissolved in deionized water. The deposition was carried out in a conventional three-electrode cell using a potentiostat/galvonastat (VersaSTAT 3). A platinum wire was used as counter electrode. ITO substrates were used as working electrodes with a working area of 8 9 8 mm 2 . The reference electrode was a saturated calomel electrode (SCE). Before each experiment, the ITO electrodes were firstly cleaned with acetone followed by ethanol and then ultrasonically cleaned for 15 min in water. Fe-Cu films were prepared from electrolytes at three different temperatures such as 25, 37, and 50 ± 2°C at a constant current density of -50 mA/cm 2 . For each temperature, electrolytes were prepared with the same concentration and the pH of the electrolytes was measured. The pH was 3.4 ± 0.1. Also, it was observed that the pH values of electrolytes were not significantly changed with the electrolyte temperature at this temperature range. The pH of the electrolytes decreases during the deposition process. However, we did not use any additive to obtain the constant electrolyte pH during the deposition process due to its possible effect on the electrodeposition reaction. The galvanostatic deposition was used in order to easy control of the film thickness. The thickness of the films was calculated from the total charge passed and without correcting for current efficiency. In all cases the total cathodic passed charge was 2.5 C cm -2 resulting in a film thickness of 1.8 lm. The structural characterization of the films was studied using a Bruker X-ray diffractometer with Cu K a radiation (k = 0.154059 nm). The X-ray diffraction (XRD) measurements were performed in the range of 2h = 40°-55°with a step of D(2h) = 0.05°. The surface morphology of Fe-Cu films was studied using a JSM-5600 LV model scanning electron microscopy (SEM). SEM measurements were taken immediately after the sample preparation, in order to avoid oxidation of the surfaces. The film composition was determined using an energy dispersive X-ray spectroscopy (EDX) in the SEM. Metal proportions are expressed in atomic percentage (at%).
Results and discussion
In order to investigate the effect of the electrolyte temperature on the properties of the Fe-Cu films, the films were prepared at different electrolyte temperatures of 25, 37 and 50 ± 2°C. Firstly, the galvanostatic potential-time transients were recorded as a function of time during the deposition process. The galvanostatic potential-time curves for electrolyte temperatures of 25 and 50°C recorded for deposition of Fe-Cu deposits onto ITO coated glass substrates are indicated in Fig. 1 . The potential-time transient curves given in this work were plotted for the first 30 s of deposition process. As shown from Fig. 1 , the value of the stable cathode potential increases towards more positive values with increasing electrolyte temperature from 25 to 50°C.
The results of the EDX study are shown in Table 1 for different electrolyte temperatures. It can be clearly seen that the film composition is influenced by the electrolyte temperature; Cu content increases with increasing electrolyte temperature. An enhancement of the Cu content with increasing electrolyte temperature has also been reported in Co-Cu films [16, 17] .
XRD analyses were carried out, in order to study the influence of the electrolyte temperature on the structure of the Fe-Cu films. Figure 2 shows the XRD patterns of Fe-Cu films grown at different electrolyte temperatures (a for 50°C, b for 37°C, and c for 25°C). The FCC Cu(111), Cu(200) and BCC Fe(110) diffraction peaks reveals both the presence of the FCC Cu phase and the BCC a-Fe phase. It is well known that the structure of the Fe particles in Cu matrix is strongly correlated to the Fe content. Fe-rich Fe-Cu alloys crystallize in the BCC a-Fe phase whereas Fe-poor alloys crystallize in the FCC phase of Cu [9, 18] . The transition from BCC to FCC structure occurs depending on the preparation method and different for different preparation methods such as epitaxial growth, sputtering, mechanical alloying, and electrodeposition [9, 18] . Fe-Cu films prepared by the electrodeposition show mixed BCC and FCC phases for the Fe concentration range of 27-30 % [19] . For the Fe contents higher than 30 %, the structure of Fe grains in Cu matrix is BCC, while for the Fe contents lower than 27 %, the structure is FCC [19] . According to the literature and the results obtained in the present study, we conclude that our Fe-Cu films consist of a mixture of FCC Cu and BCC Fe particles. On the other hand, the peak intensity of the FCC Cu(111) peak changes depending on the electrolyte temperature. As the electrolyte temperature increases, the peak intensity of FCC Cu(111) phase gradually increases. This enhancement in the peak intensity of FCC Cu(111) phase can be attributed to the increase in the Cu content of the film as observed from the EDX results (Table 1 ). The slight increase in the intensity of the Fe(110) peak with increasing electrolyte temperature, and the arising of the fcc Cu(200) peak for the electrolyte temperature of 50°C indicate an overall increase of the crystalline sizes in the films. The crystalline sizes were calculated using the Scherrer's formula [20] from the full width of half maximum of the FCC Cu(111) and BCC Fe(110) diffraction peaks. The crystalline sizes are indicated in Table 1 for Fe-Cu films prepared at different electrolyte temperatures. As shown in Fig. 1 , since the cathodic overpotential increases towards more positive values with increasing the electrolyte temperature, it is expected that the crystalline size of the Fe-Cu films increases. It is clearly seen from Table 1 that the crystalline size of both Fe and Cu increases with increasing electrolyte temperature. However, it has been observed that the crystalline size of Cu increases more rapidly compared with that of Fe (see Table 1 ). On the other hand, it is well known that an increase in the electrolyte temperature has two contradictory effects on the thermodynamic and kinetic driving force [21, 22] . As the temperature increases, the thermodynamic driving force of crystallization reduces with an increase in the critical size of nucleus which leads to lower nucleus densities, i.e., formation of coarse grains [22] [23] [24] [25] . On the other hand, an enhancement in the kinetic driving force with an increase in electrolyte temperature can lead to higher nucleation rate and this can give rise to the formation of finer grains (few nanometer) [22, [25] [26] [27] . As a result, it can be suggested that the thermodynamic driving force controls the nucleation rate, i.e., plays the dominant role in determining the crystalline size for electrodeposited Fe-Cu films deposited at electrolyte temperature ranging between 25 and 50°C in the present study.
The surface morphology of the electrodeposited Fe-Cu films grown at different electrolyte temperatures was studied using SEM. Figure 3a -c show SEM micrographs of the Fe-Cu films deposited at electrolyte temperatures of 25, 37, and 50°C, respectively. It is clearly seen that the surface morphology of the Fe-Cu films depends on the electrolyte temperature. The surface of the film deposited at low electrolyte temperature (25°C) looks like a cauliflower structure (Fig. 3a) . At intermediate electrolyte temperature of 37°C, the film has a morphology consisting of dendritic shapes (Fig. 3b) . The dendritic shapes, on the other hand, consist of treelike structures with side branches. However, at high electrolyte temperature of 50°C, the film surface exhibits well known cracked mud morphology as shown in Fig. 3c . This result supports that this material may be an alternative for electrocatalytic applications under these experimental conditions, as observed in electrodeposited Cu-Ni films [28] . In Fig. 3d , the SEM image of the film deposited at high electrolyte temperature of 50°C is shown at higher magnification. From this image, the dendritic structure is also clearly visible on the base part of the film (Fig. 3d) . From the EDX data given in Table 1 , it can be suggested that the reason of the dendritic structure is probably attributable to higher Cu content within the film. The surface morphology changed from cauliflower like structure to a dendritic structure as the electrolyte temperature increases from 25 to 37°C (see in Fig. 3 ). In this temperature range, the Cu content within the film increased from 11.4 at% to 22.3 at%, as well. Thus, it can be concluded that the surface morphology of the Fe-Cu films is significantly influenced by the compositional differences within the film caused by the electrolyte temperature. In recent studies, the transition from cauliflower like structure to a dendritic structure or vice versa due to the compositional differences has been also observed in electrodeposited Ni-Cu and Co-Cu films [2, [29] [30] [31] . The dendritic growth of electrodeposited films has been attributed to the short range order and diffusive growth of Cu [32, 33] . Another possible reason for the chance of the surface morphology with electrolyte temperature can be the hydrogen evolution occurred at the cathode surface. As seen from Fig. 1 , the cathodic overpotential decreases towards more negative values with decreasing electrolyte temperature. The evolution of hydrogen reaction is more important at the high negative deposition potentials. Thus, it changes the electrochemical conditions at the vicinity of the cathode and this could give rise to the formation of different dendrites [2, 34] . In recent studies, it has been observed that the electrochemical conditions such as the surface pH and overpotential influence the surface morphology of electrodeposited films [35] [36] [37] .
Due to the cracked mud morphology observed at high electrolyte temperature, the change in the residual stress and its relationship with the surface morphology of the Fe-Cu films becomes a crucial point. The residual stress influences the mechanical and other physical properties of the films related with the deformation of the crystal structure [38] [39] [40] [41] [42] . It is well known that the electroplating processes frequently result in the development of internal stresses [43] . The residual stresses such as compressive and tensile types are generated during the deposition process of films on the substrate [40] [41] [42] . The compressive residual stress has beneficial effects on the crack propagation, since the tensile residual stress easily causes cracks of the deposited film [44] . The mud cracked morphology is generally related to the biaxial tensile stress [45] . The lattice strain (e) and the residual stress (r) in the film are defined, assuming a biaxial stress in the film [46] :
where E is Young's modulus, m is Poisson's ratio, d n and d 0 are the lattice spacing in the film and the bulk, respectively. The residual stress was calculated from the lattice spacing of the Fe-Cu films for the BCC Fe(110) and FCC Cu(111) diffraction peaks. To roughly estimate the residual stress, E and m were assumed to be 196 GPa and 0.38 for the BCC Fe(110) and 124 GPa and 0.34 for the FCC Cu(111), respectively [47] . The residual stress values are given in Table 1 . The negative residual stress values indicate the compressive type stress; whereas the positive residual stress values show the tensile type stress (see Table 1 ). For the Fe(110), the residual stress was found to be compressive at electrolyte temperatures of 25 and 37°C; however, it turns to the tensile at high electrolyte temperature of 50°C. On the other hand, the residual stress for the Cu(111) phase is tensile in all films regardless of electrolyte temperature. The residual stress was found to be tensile for both Fe(110) and Cu(111) planes in the Fe-Cu film deposited at high electrolyte temperature as seen in Table 1 . Consequently, the reason of the cracked mud morphology observed on the surface of the film deposited at high electrolyte temperature can be attributed to the tensile stress.
Conclusion
In this study, the effect of the electrolyte temperature on the composition, structure, grain size, and surface morphology of the Fe-Cu films deposited on ITO coated glass substrates has been investigated. XRD results revealed the presence of segregated FCC Cu and BCC Fe phases for all electrolyte temperatures. It was observed that the intensity of Cu (111) peak increases with increasing electrolyte temperature due to the increase in the Cu content of the film. On the other hand, the crystalline size of both Fe and Cu was found to increase as the electrolyte temperature increases; however, the crystalline size of Cu increases more rapidly compared to that of Fe. SEM results revealed that the surface morphology of the Fe-Cu films is strongly affected by the electrolyte temperature. It was found that the surface morphology of Fe-Cu films exhibits a cauliflower like structure, dendritic structure, and cracked mud structure for the electrolyte temperatures of 25, 37 and 50°C, respectively. The differences in the morphological and structural properties of the Fe-Cu films were attributed to the compositional differences caused by the electrolyte temperature. At high electrolyte temperature, the film has the cracked mud morphology due to the tensile stress. As a general result, this study revealed that the structural and the morphological properties of electrodeposited Fe-Cu films depend strongly on the electrolyte temperature.
